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ABSTRACT The applicability of a novel silicon precursor with respect to reasonable nanowire (NW) growth rates, feasibility of epitaxial
NW growth and versatility with respect to diverse catalysts was investigated. Epitaxial growth of Si-NWs was achieved using
octochlorotrisilane (OCTS) as Si precursor and Au as catalyst. In contrast to the synthesis approach with SiCl4 as precursor, OCTS
provides Si without the addition of H2. By optimizing the growth conditions, effective NW synthesis is shown for alternative catalysts,
in particular, Cu, Ag, Ni, and Pt with the latter two being compatible to complementary metal-oxide-semiconductor technology. As
for these catalysts, the growth temperatures are lower than the lowest liquid eutectic; we suggest that the catalyst particle is in the
solid state during NW growth and that a solid-phase diffusion process, either in the bulk, on the surface, or both, must be responsible
for NW nucleation.
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L
ow-dimensional nanostructures are a new class of
advanced materials that have stimulated extensive
research interest due to their particular physical and
chemical properties and as promising building blocks for the
development of novel nanodevices. Particularly semicon-
ductor NWs appeared attractive for applications such as bio/
chemicalsensors,
1light-emittingdeviceswithextremelylow
power consumption,
2 nanoelectronics,
3 solar cells,
4 and
catalysis.
5 However, for potential technical applications it is
required to control the position and growth direction of the
NWs as well as their electrical and optical properties, which
strongly depend on the diameter,
6 crystallographic orienta-
tion,
7 as well as defect structure
8 of the NWs. To circumvent
the problem of handling and positioning nanometer-sized
objects, the interest on epitaxial grown NWs with well-
controlled shape and size has therefore produced a consid-
erable effort on synthesis techniques. Among all growth
techniques, those employing vapor-phase methods like
thermal evaporation,
9 laser ablation,
10 MBE,
11 or chemical
vapor deposition
12 in combination with the vapor-liquid-
solid (VLS)
13 method have been proven to be most versatile
regarding the composition and morphology. Many different
materials including elemental and compound semiconduc-
tors, oxides, carbides, and nitrides were successfully syn-
thesized utilizing these techniques.
14
For the VLS synthesis of Si-NWs via chemical vapor
deposition (CVD), a metal droplet catalyzes the decomposi-
tion of a Si-containing precursor gas, functions as a Si
reservoirbyeutecticliquidformation,andﬁnallyprecipitates
Si-NWs due to supersaturation. Up to now, SiH4,
12,15 SiCl4,
16
and Si2H6
17 were used as Si precursors and in most cases
gold has been the metal catalyst of choice.
To control the orientation of Si-NWs, many groups have
used epitaxy from crystalline substrates.
18 For SiH4 as Si
precursor, we have shown that Au-catalyzed VLS growth of
epitaxial Si-NWs impose strong demands on surface prepa-
ration and the removal of oxides before and after seed
deposition appeared to be crucial for well-controlled NW
growth.
19 Best results with respect to epitaxial growth of Si-
NWs were achieved using SiCl4 as precursor.
20 In this case
the gaseous hydrochloric acid (HCl), a byproduct of SiCl4
decomposition in the hydrogen atmosphere, etches the thin
nativeoxidelayerontheSisurfacepresentingacleancrystal
surface for epitaxial NW growth. In a similar way, epitaxial
Si-NWs were grown by intentionally adding HCl to the SiH4/
H2 feed gas.
21
In this letter, we discuss the properties of octochlorotrisi-
lane (OCTS) for Si-NWs synthesis, which to the best of our
knowledge has not been used as Si precursor yet. The Si-
NWs were grown in a hot wall atmospheric pressure CVD
apparatusschematicallyshowninFigure1withtheindicated
gas ﬂow direction from left to right. The main components
of the growth apparatus comprise a horizontal tube furnace
with three separately controlled heating zones, a quartz tube
connected to a gas supply, a pumping unit, and a magnetic
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port system enables accurate and fast in situ placement of
the samples without breaking the vacuum. OCTS was added
during growth via a saturator and He as feed gas.
The Si(111) substrate pieces were cleaned with acetone
and isopropanol and blown dry with nitrogen. The samples
were then dipped into buffered hydroﬂuoric acid (BHF; 7:1)
to remove any native oxide followed by a water rinse.
Subsequently, Au colloids with a diameter of 80 nm (Cor-
puscular Co.) ora2n mthick sputtered Au-ﬁlm were
deposited on the samples as VLS growth promoting catalyst.
After a further BHF dip, the samples were placed on the
quartz sample holder of the magnetic specimen-transport
system and instantly introduced into the CVD system. After
10 min of evacuation, the tube was purged with He and the
furnace was heated up. When the ﬁnal growth temperature
was reached, the sample holder was transferred into the
growth region by the magnetic specimen-transport system.
Taking into account the temperature proﬁle and the sample
position, process temperatures from 900 to 400 °C in steps
of 100 °C were investigated simultaneously within the same
growth sequence, which gave the most direct and reliable
information about the inﬂuence of the temperature. The
precursor was supplied by routing 100 sccm He through a
saturator at room temperature leading to a partial pressure
of 0.03 mbar OCTS in the feed gas. After typically 60 min
growth, the sample holder was pulled out of the heating
zone, the precursor ﬂow was stopped and the quartz tube
was purged with 200 sccm He for further 5 min.
The SEM images in Figure 2 shows the geometry and
morphology of typical Si nanostructures observed at growth
temperatures of 900, 800, 600, and 400 °C, when Au
colloids with a diameter of 80 nm are used as catalysts.
At a growth temperature of 900 °C (Figure 2a), we
observed densely grown nanorods of various appearances
and sizes. For the typical growth duration of 60 min, the
length and width of the rods varies typically from 2 to 20 µm
and 50 to 500 nm, respectively, with a lot of kinks.
Downstreamatagrowthtemperatureof800°C,theNWs
appeared more rodlike without kinks and more uniform in
appearance with respect to length and thickness (see Figure
2b), whereby the length of the NWs was notably dependent
on growth time. For the typical growth duration of 60 min,
the NWs were about 8 µm long and 100-250 nm thick.
At600°C(Figure2c),thesubstrateiscoveredbymuscoid
SiprecipitationsandsomesparselydispersedNWs.Theyare
much shorter with about 1 µm length and about 130 nm in
diameter. Notably, for all rodlike structures grown in the
temperature regime between 900 and 600 °C we observed
catalytic particles atop that were identiﬁed as Au/Si alloys
by means of energy dispersive X-ray (EDX).
Finally, at a growth temperature of 400 °C (Figure 2d)
just the initiation of NW-growth could be observed, when
tail like structures evolve from individual Au-particles.
To control the orientation of such synthesized Si-NWs,
weexploredepitaxyfromcrystallineSi-substrates.
22,23Aside
from the removal of the native oxide before and after
catalyst deposition, an annealing step before growth ap-
peared to be crucial to achieve epitaxial NW growth with
OCTS as precursor. A high yield of epitaxial grown Si-NWs
was achieved for a 30 min tempering of the samples at 800 °C
in He atmosphere prior to the growth. The SEM images in
Figure 3 show the tilted view of epitaxial Si-NWs grown for
60 min at 700 °C on Si(111) with (a) 2 nm thick sputter
deposited Au layer and (b) Au colloids (80 nm) as catalyst.
The NWs grow epitaxially with most of them oriented
perpendicular to the substrate surface indicating a 〈111〉
growth direction.
The high-resolution transmission electron microscopy
(HRTEM) image in Figure 3c and the selected area electron
FIGURE 1. Schematic of the atmospheric pressure CVD system for the growth of Si-NWs with OCTS. The red line shows the temperature
proﬁle inside the quartz tube. The samples positioned at temperatures of 400 to 900 °C in steps of 100 °C.
FIGURE 2. SEM images of nanostructures observed at growth tem-
peratures of (a) 900, (b) 800, (c) 600, and (d) 400 °C (enlarged views
in the inset) with OCTS as precursor using Au colloids (diameter )
80 nm) as catalyst.
© 2010 American Chemical Society 3958 DOI: 10.1021/nl101744q | Nano Lett. 2010, 10, 3957-–3961diffraction (SAED) pattern in the inset proves that the growth
axesis〈111〉forwhichwiresvertical{112}facetshavebeen
found.
24 The HRTEM image shows further the crystalline
core with the Si(111) atomic planes perpendicular to the NW
axis which appeared to be free of dislocations and stacking
faults.
The NWs grown with colloids as catalyst are about 10 µm
long and 90 nm in diameter and appeared perfectly rodlike
with no apparent uncatalytic Si deposition on the NWs or
the substrate. Therefore, we suggest that uncatalyzed Si
deposition does not compete with catalyzed deposition at
these temperatures, thus OCTS has the potential of allowing
selective Si-NW deposition. Up to now, the best results
concerning epitaxially grown Si〈111〉 NWs on a plane sub-
strate via the VLS growth mechanism were achieved using
H2 and SiCl4 as precursor gas.
25 In this case the gaseous HCl,
a byproduct of the SiCl4 decomposition, etches the thin
native oxide layer on the Si surface, presenting a clean Si
crystal surface for epitaxial NW growth. For OCTS as a
precursor due to the higher dissociation energy of the Si-Cl
bond(95kcal/mol)incomparisontotheSi-Sibond(54kcal/
mol), breaking the Si-Si bond is more likely leading pref-
erentially to SiCl4and Si.
26 In accordance with Ezhov et al.,
27
we propose a decomposition mechanism of the molecule for
our synthesis process as displayed below.
Therefore OCTS in contrast to the synthesis approach
with SiCl4 as precursor, provides Si without the addition of
H2.
Adding H2 intentionally to the He/OCTS feed gas at a
growth temperature of 900 °C under otherwise identical
conditions leads to the formation of remarkably long and
very thick Si-NWs (see Figure 4) with diameter >1 µm even
though we used 80 nm colloids as catalyst (Figure 4a and
inset). We suppose that under H2 atmosphere the chemical
byproduct SiCl4 originating from the OCTS decomposition
is breaking up into Si and HCl and thus makes additional Si
available for growth.
Remarkably at 800 °C, the NW synthesis disappears
completely if hydrogen is added and deep triangular-shaped
etch pits are formed on the surface of the Si(111) substrate
(see Figure 4b). This temperature appears to be too low for
NW growth with SiCl4 as already reported by J. Zhu et al.
28
We assume that Au further catalyzes the conversion of
siliconbyH2andOCTSintovolatileproducts;thismostlikely
is a mixture of SiH2Cl2, SiHCl3, and SiCl4.
29 This assumption
is also supported by experiments with blank samples, i.e.,
no Au deposition, where under the same processing-
parameters no etching was observed.
Irrespective of the Si precursor for Si-NWs synthesis via
the VLS mechanism, mostly Au has been the metal catalyst
of choice due to its favorable physical and chemical proper-
ties. Thereby the incorporation of Au into the NW during the
synthesis cannot be eliminated and the measured upper
bound on the Au concentration can be as high as 5 ×
1017-1.5 × 1018 cm-3.
30 As Au is a deep level impurity in Si
that signiﬁcantly degrades the carrier mobility and causes
fast nonradiative electron-hole pair recombination
31 the
search for alternative catalysts pose a challenge. From this
point of view, for OCTS as Si precursor we investigated
alternative catalysts, in particular Cu, Ag, Ni, and Pt with the
latter two being compatible to complementary metal-oxide-
semiconductor technology.
32
Therefore a 2 nm thick ﬁlm of the respective catalyst was
sputter deposited on the BHF treated Si sample. For Ag and
Cu,thegrowthwasperformedunderthesameexperimental
conditions as described above at an OCTS partial pressure
of 0.03 mbar. Pt as catalyst requires the addition of 20 sccm
H2 and Ni even 40 sccm of H2 for effective Si-NW synthesis.
Remarkably, for Ag and Cu the addition of traces of H2
inhibits NW-growth. The SEM images in Figure 5 demon-
strate Si-NWs growth with (a) Pt, (b) Ni, (c) Cu, and (d) Ag as
catalyst.
For Pt as catalyst, effective NW growth at 900 °C requires
the addition of H2 (20 sccm) to the feed gas. For a typical
FIGURE 3. Tilted view SEM image of epitaxial Si-NWs grown at
700 °C for 60 min on Si(111) with (a) 2 nm thick sputter deposited
Au layer and (b) 80 nm Au colloids as catalyst. (c) HRTEM micrograph
of the single crystalline core showing clearly the Si(111) atomic
planes (separation 3.14 Å) and the SAED pattern in the inset
indicating the [111] growth direction.
FIGURE 4. (a) Si-NWs grown with OCTS at 900 °C under H2
atmosphere. The enlarged view in the inset shows the remarkably
thick NWs with diameters >1 µm. (b) Characteristic triangular-
shaped etch pits observed at 800 °C caused by the addition of H2 to
the OCTS/He feed gas.
© 2010 American Chemical Society 3959 DOI: 10.1021/nl101744q | Nano Lett. 2010, 10, 3957-–3961growth time of 60 min, the NWs are about 6 µm long and
about160to200nmthick(Figure5a).TheNWsareperfectly
rodlike and the catalyst particles atop of every wire have
been clearly identiﬁed by EDX as a Pt/Si alloy.
Si-NW synthesis with Ni as catalyst at 900 °C requires
even more H2 (40 sccm). The sample as a whole is just
sparsely populated with NWs and the length and diameter
variesoverawiderange(Figure5b).Someofthenucleigrew
only a few nanometers whereas others are up to 1.5 µm long
with diameters ranging from 30 to 150 nm. Most remark-
able, the growth orientation of epitaxially grown NWs was
identiﬁed as 〈100〉and the NWs show a square-shaped cross
section and blocklike bright features at the tip.
Also Cu and Ag proved to be successful growth catalysts
even without adding H2 as shown in Figure 5c,d, respec-
tively. For Cu at 900 °C, effective Si-NW growth was
achieved with wires up to 20 µm long and diameters in the
range of 50 to 200 nm. The NWs are somewhat tapered and
most notably we never detected any catalyst on the tips of
the NWs.
Finally for Ag as catalyst, we received blocklike and
preferentially close to the tip widely faceted NWs at tem-
peratures of 800 °C. The NWs measured about 200 nm in
diameter and 1 to 5 µm in length, and for all of them we
identiﬁed a catalytic Ag/Si particle on top of the wire by EDX.
Figure 6 shows TEM images, detailed HRTEM images,
and the respective fast Fourier transform (FFT) or diffrac-
tion pattern of the Si-NWs grown with (a) Pt (900 °C),
(b)Ni(900°C),(c)Cu(900°C),and(d)Ag(800°C)ascatalysts.
The NWs grown with Pt as catalyst appear rodlike and
are mostly free of dislocations and stacking faults. NWs
grown with Ni as catalyst show a lot of twins and stacking
faults, which accumulate particularly close to the catalytic
particle. EDX analysis of an individual nanowire revealed
pure Si and a composition of 1:2 for Si:Ni for the catalytic
particle.
For both Pt and Ni catalyzed Si-NWs, the TEM shows a
catalytic particle atop of the NWs. The HRTEM micrographs
of the crystalline core show clearly the Si(111) atomic planes
(separation 3.14 Å). The reciprocal lattice peaks, which were
obtained from a 2D Fourier transform of the lattice-resolved
image (inset in Figure 6a) and the diffraction pattern (inset
in Figure 6b), proves that the growth axes is 〈111〉.
Cu as a catalyst leads to very effective growth of remark-
ably long Si-NWs. We never observed any catalytic particle
atop, and the crystal quality is rather bad with a lot of
stacking faults, but the growth direction is again unambigu-
ously 〈111〉 (Figure 6c). For the tapered NWs catalyzed by
Ag, typically axial twins parallel to the 〈111〉 growth axis
along the entire length were observed (Figure 6d).
It is generally accepted that the conditions for VLS growth
of NWs can be deduced from the binary phase diagrams
involving the catalyst and Si. However, the growth temper-
atures with OCTS are lower than the lowest liquid eutectic
of Pt/Si, Ni/Si, and Ag/Si shown on the bulk, and equilibrium
phase diagram occurs at 979, 966, and 835 °C, respectively.
Even for Cu we achieved NW growth at 800 °C, which is
the lowest temperatures for these catalyst where NWs could
still be obtained, although raising the temperature improves
their appearance. Furthermore, the size of our catalytic
particles is still too big to produce a massive drop in the
melting temperature.
33 We therefore suggest that the cata-
lyst particle is in the solid state during our growth of Si-NWs,
and that a solid-phase diffusion process either in the bulk,
on the surface, or both, must be responsible for NW nucle-
FIGURE 5. SEM images of Si-NWs grown with (a) Pt (900 °C) (b) Ni
(900 °C), (c) Cu (900 °C), and (d) Ag (800 °C) and the respective
insets showing a detailed view of the NW tips.
FIGURE 6. TEM images of Si-NWs grown with (a) Pt (900 °C), (b) Ni
(900 °C), (c) Cu (900 °C), and (d) Ag (800 °C) as a whole are present
on the respective left. The corresponding HRTEMs and FTT-pictures/
diffraction pattern to the right show their growth direction, which
appeared to be [111].
© 2010 American Chemical Society 3960 DOI: 10.1021/nl101744q | Nano Lett. 2010, 10, 3957-–3961ation. Nominally subeutectic NW synthesis using Au as
catalyst has been achieved for several semiconductor ma-
terials,includingGe,
34InP,
35GaAs,
36andZnSe.
37ForSi-NWs
synthesis, our ﬁndings are conceptually similar to a previous
report by Kamins et al.
38 of Ti-promoted Si-NW growth for
temperatures below the Si-Ti eutectic point.
Concluding, for the new Si precursor OCTS we optimized
synthesis parameters for Si-NW growth for Au, Pt, Ni, Ag,
and Cu as catalyst. With increasing knowledge acquired
during this work, epitaxial growth was achieved for Au, Ni,
and Pt.
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